INTRODUCTION
============

Respiratory viruses are responsible for significant global morbidity and mortality. Nearly half of pediatric community acquired pneumonia and a quarter of adult cases have evidence of viral infection.^[@R1],[@R2]^ The World Health Organization predicted that lower respiratory tract infections will be the third leading cause of death in 2015.^[@R3]^ A thorough understanding of incidence, mortality, and seasonality of respiratory viruses is fundamental to the optimization of preparedness planning; and for real-time assessment of the severity of newly emerged variants.

The seasonality of respiratory viruses in subtropical regions is complicated, and its correlation with meteorological changes is different from those observed in the temperate regions.^[@R4]--[@R6]^ To improve our understanding on the disease burden and seasonality of common respiratory viruses in subtropical regions, we analyzed data from a district hospital in Hong Kong. Hong Kong is a small cosmopolitan city located on the coast of Southern China (22.3°N, 114.2°E), with a subtropical climate tending toward temperate for half of the year. January--February are the coldest months, with temperatures below 10°C occasionally in the urban areas. March--April are the spring months with relatively higher humidity. May--September are hot and humid with afternoon temperatures often exceeding 31°C. October--December are dry with comfortable temperatures.^[@R7]^

MATERIALS AND METHODS
=====================

Study Population
----------------

A 15-year (1998--2012) retrospective study was conducted at the Prince of Wales Hospital, a 1400-bed district general hospital serving 9% (0.6 million) of Hong Kong population. To account for changes in catchment population, the closest census or bi-census data of each year were used to estimate hospitalization incidence and mortality rates.^[@R8]^

Laboratory Diagnosis
--------------------

As part of the routine clinical management, nasopharyngeal aspirate (NPA) samples were collected from patients presented with acute respiratory illnesses soon after admission to hospital. Immunofluorescence-based rapid antigen detection assays were used to detect 7 viruses including influenza A and B, respiratory syncytial virus (RSV), parainfluenza virus (PIV) 1, 2, and 3, and adenovirus (ADV). In brief, NPA samples were washed with phosphate-buffered saline. The cells were fixed on the wells of a glass slide with acetone and stained with respiratory virus-specific antibodies (Light Diagnostics, Chemicon/Millipore, Germany). Specific fluorescent signals were cross-checked by 2 experienced technicians.

Case Identification
-------------------

Hospitalized patients with laboratory-confirmed diagnosis of influenza A or B, RSV, PIV 1, 2, or 3, or ADV were identified from computerized hospital records.

At-Risk Population
------------------

"At-risk population" was defined as age ≤15 or ≥51 years, since they constituted 90% of cases hospitalized over the study period. Hospitalization incidence of the at-risk population was used to analyze trends over the study period, and for assessing correlation between virus activity and meteorological factors.

2009 Pandemic
-------------

A vast majority of influenza A-associated admissions in 2009 were due to pandemic virus influenza A (H1N1)pdm09, which exhibited epidemiological characteristics different from seasonal influenza.^[@R9]^ To avoid biases, data from 2009 were excluded when analyzing the seasonality, incidence, and mortality of influenza A.

Epidemic Period
---------------

"Epidemic period" was defined as having weekly case number ≥3.8% of the annual total (ie, ≥2 × average) and with ≥5 cases per week.

Mortality
---------

Patients who died within 30 days after the diagnosis of infection were included in mortality analysis.

Meteorological and Air Quality Data
-----------------------------------

Daily mean temperature, rainfall, mean relative humidity, global solar radiation, and sunshine duration were provided by the Hong Kong Observatory.^[@R7]^ Air quality data including hourly concentrations of nitrogen dioxide (NO~2~), sulfur dioxide (SO~2~), ozone (O~3~), and particulate matter (PM)-10 were provided by the Environmental Protection Department. Daily means for NO~2~, SO~2~, and PM-10, and 8-hr (9 [am]{.smallcaps}--5 [pm]{.smallcaps}) mean of O~3~ were computed for the purpose of analysis in this study.

Correlation With Meteorological Variation
-----------------------------------------

Poisson generalized additive modeling (GAM) with a log-link function was used to model the relationship between daily pollutant concentrations and health outcomes. The quasi-likelihood method was used to correct for over-dispersion.^[@R10]^ All models were adjusted for the day of the week (DOW) and public holidays using categorical indicator variables.^[@R11]^ Smoothing splines^[@R12],[@R13]^ were used to adjust for seasonal patterns and long-term trends in daily counts of incidence, with degrees of freedom (df) selected a priori based on previous studies.^[@R14],[@R15]^ The partial autocorrelation function plot for residuals were examined and autoregressive terms were added to minimize autocorrelation if necessary.^[@R16]^ When these criteria were not met, autoregressive terms were added to the model. The model was fitted using the gam() function of R.

Based on the above core model, the effect of daily mean temperature, mean relative humidity, global solar radiation, rainfall, and sunshine duration, at different lags (with df = 6) after adjusting for NO~2~ (lag 0), PM-10 (lag 0), SO~2~ (lag 0), and O~3~ (lag 1) were estimated. The choice of lag for pollutants was based on our previous study.^[@R16]^ The choice of lag days for temperature, relative humidity, global solar radiation, and sunshine duration was based on the minimal value of Akaike information criterion. The smoothed plot for the chosen lag was produced and the *P* value of the smoothed term was extracted. Significant smooth terms were put into the multiple model.

The Joint Chinese University of Hong Kong---New Territories East Cluster Clinical Research Ethics Committee (The Joint CUHK-NTEC CREC) approved the study.

RESULTS
=======

Incidence and Mortality
-----------------------

### Hospitalization Incidence

Over the 15 years (1998--2012), 19,405 patients were hospitalized with laboratory-confirmed respiratory virus infections including influenza A (7655 cases, 39.4%), RSV (4839 cases, 24.9%), influenza B (1980 cases, 10.2%), ADV (1937 cases, 10.0%), PIV 3 (1792 cases, 9.2%), PIV 1 (1025 cases, 5.3%), and PIV 2 (177 cases, 0.9%). On average, 431.4/10,000 children \< 5 years were hospitalized annually for respiratory viral infection, with RSV ranked top (157.7/10,000 person-years), followed by influenza A (107.7/10,000), ADV (53.8/10,000), PIV 3 (51.3/10,000), PIV 1 (29.9/10,000), influenza B (27.4/10,000), and PIV 2 (3.6/10,000). For elderly ages ≥65 years, an average of 32.7/10,000 persons were hospitalized annually for respiratory viral infection, with influenza A ranked top (18.3/10,000), followed by RSV (5.7/10,000), influenza B (3.5/10,000), PIV 3 (3.4/10,000), PIV 1 (1.4/10,000), ADV, and PIV 2 both with0.2/10,000 (Table [1](#T1){ref-type="table"}; Fig. [1](#F1){ref-type="fig"} A).

###### 

Annual Hospitalization Incidence and Mortality Due to Common Respiratory Viruses Among Different Age and Sex Groups
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Overall (excluding 2009), influenza A accounted for 64.4% to 94.0% (mean: 75.8%) of influenza admissions. In 2009, 97.8% of influenza cases were due to pandemic virus.

The age-specific hospitalization incidence curve exhibited a laterally transversed J shape, with high incidence among young children and low-to-moderate incidence among the elderly (Fig. [1](#F1){ref-type="fig"}A, Table [1](#T1){ref-type="table"}, and Table S1). Two patterns of change from infants to toddlers were observed. Influenza A, RSV, PIV 1, and PIV 3 showed the highest incidence among infants and decreased with age, whereas the incidence of influenza B and ADV increased from infants to toddlers, reaching a peak at 3 to 4 years.

Linear regression showed a significant trend of increase in annual hospitalization incidence for RSV (β = 3.310, *P* = 0.040), PIV 2 (β = 0.516, *P* = 0.008), and PIV 3 (β = 2.427, *P* = 0.001), whereas ADV showed a significant trend of decrease (β = −3.561, *P* = 0.040) (Fig. [2](#F2){ref-type="fig"}).

![Trend of change in hospitalization incidence attributed to common respiratory viruses, 1998 to 2012. The main figure shows the actual annual incidence of hospitalization among the "at-risk" population defined as age ≤15 and ≥51 years. The right upper insert shows estimates based on linear regression model. The data of influenza A in 2009 were not included in the model as it was dominated by pandemic. β and *P* value for influenza A: 1.797 and 0.604, respectively; influenza B: 2.811 and 0.076, respectively; adenovirus: −3.561 and 0.040, respectively; RSV: 3.310 and 0.040, respectively; parainfluenza 1: 0.853 and 0.294, respectively; parainfluenza 2: 0.516 and 0.008, respectively; parainfluenza 3: 2.427 and 0.001, respectively. RSV = respiratory syncytial virus.](medi-94-e2024-g004){#F3}

Mortality
---------

Over the 15 years, 308 patients died within 30 days (mean: 10, standard deviation: 8.3) after diagnosis. Majority of these were influenza A (45.5%), followed by RSV (22.7%), PIV 3 (11.0%), influenza B (8.1%), PIV 1 (6.8%), ADV (2.9%), and PIV 2 (2.9%). The fraction attributed to each virus varied markedly with age. Among children \< 5 years, RSV ranked top (50.0%), followed by ADV (25.0%), PIV 3 (18.8%), and PIV 2 (6.3%). No death was recorded for other viruses. Among the elderly ≥ 65 years, influenza A accounted for 48.1%, followed by RSV (20.1%), PIV 3 (11.3%), influenza B (8.4%), PIV 1 (7.5%), PIV 2 (3.4%), and ADV (1.3%). Of the 154 influenza-associated deaths (exclude 11 due to 2009 pandemic), influenza B accounted for 16.2% (25/154).

Two age-related patterns of mortality were observed (Fig. [1](#F1){ref-type="fig"}B, Table [1](#T1){ref-type="table"}, and Table S2). The mortality of influenza B, PIV 1, and most remarkably influenza A was mainly confined to the elderly, whereas mortality of ADV, RSV, and PIV 2 and 3 involved extremes of age. Of note, children \< 5 years and elderly \> 65 years shared a similar mortality due to RSV.

Hospitalization--Fatality Ratio
-------------------------------

While PIV 2 had the lowest hospitalization incidence, it carried the highest fatality per hospitalization for both children and the elderly (Table [1](#T1){ref-type="table"}). Similarly, ADV had a relatively low hospitalization incidence (ranked forth), but a high (ranked second) hospitalization--fatality ratio.

Sex Predilection
----------------

A predilection for males in incidence was observed (Fig. [1](#F1){ref-type="fig"}A). The all-age, male-to-female hospitalization incidence ratios ranged from 1.3 to 1.5 (Table [1](#T1){ref-type="table"}). Subgroup analyses revealed similar observations, with the exception of age ≥ 51 years for RSV and PIV 3. The number of PIV 3 cases for age ≥ 51 years might be too few to ascertain sex distribution.

Similar gender predilection was observed for mortality (Fig. [1](#F1){ref-type="fig"}B). The male-to-female mortality ratios for all 7 viruses combined ranged from 1.2 to 3.5 among different age groups (Table [1](#T1){ref-type="table"}). Analyses focused on each virus revealed similar observations, except RSV and PIV 1 among age ≥ 51 years. The number of PIV 1 cases for age ≥ 51 years might be too low to ascertain sex distribution.

Seasonality
-----------

### Admission Overview

The mean monthly temperature, relative humidity, total rainfall, global solar radiation, and sunshine duration are shown in Figures S1 and S2. Overall, 3 seasons of respiratory viral activity were observed (Fig. [3](#F3){ref-type="fig"}A). The "high season" occurred in late-winter/early-spring (week 5--12, February--March) with 36 to 38 admissions/week, of which 60% to 70% were influenza A and B (Fig. [3](#F3){ref-type="fig"}A).

![Overview on hospitalization, mortality, and seasonality of common respiratory viruses.](medi-94-e2024-g005){#F4}

The "medium season" occurred in rainy months of spring and summer (week 13--36, April--August), with 23 to 28 admissions/week. This was the "Flu-RSV period" where influenza and RSV accounted for 40% to 51% and 21% to 44% of cases, respectively (Fig. [3](#F3){ref-type="fig"}A).

The "low season" occurred in late autumn and winter (week 41--52, October--December), with around 13 admissions/week. This was the "PIV-ADV period" with PIV 1/2/3 and ADV accounting for 39% to 50% and 19% to 25% of cases, respectively (Fig. [3](#F3){ref-type="fig"}A).

### Mortality Overview

Two seasonal peaks of mortality in elderly occurred in February (week 5--8, 0.7 death/week) and mid-August to September (week 33--36, 0.5 death/week), respectively (Fig. [3](#F3){ref-type="fig"}B). Influenza accounted for 73% of the first peak, whereas influenza and RSV each accounted for 45% of the second peak.

### Patterns and Variations

The overall seasonality of each virus is shown in Figure [4](#F4){ref-type="fig"}, and the year-to-year variation is shown in Figure [5](#F5){ref-type="fig"}.

![Hospitalization due to common respiratory viruses according to week of the year. Squares and lines indicate, respectively, means and 95% confidence intervals of number of hospitalized cases per week over the 15-year study period, 1998 to 2012. The data of influenza A in 2009 were not included as it was dominated by pandemic.](medi-94-e2024-g006){#F5}

![Heat map showing year-to-year variation in temporal distribution of hospitalization due to common respiratory viruses, 1998 to 2012. Numbers at the top indicate week of the year. The data of influenza A in 2009 include pandemic and seasonal viruses. Intensity of shading reflects proportion of cases identified during that week (no. of cases of the week/annual total). Boxes represent epidemic periods defined as having weekly no. of case ≥3.8% of the annual total (ie, ≥2 times of the expected average) and with a minimum of 5 cases per week.](medi-94-e2024-g007){#F6}

#### Influenza A

Overall, influenza A exhibited bi-annual peaks with highest activity in late-winter/early-spring (late-January to mid-March) followed by another wave of moderate activity lingering through summer and autumn (May to early September) (Fig. [4](#F4){ref-type="fig"}).

Year-to-year variation followed 3 patterns. The "strong-winter" pattern observed in 5 of the 15 years (1998, 1999, 2000, 2003, and 2011) was characterized by an early (week 3--4) winter epidemic lasting for 6 to 9 weeks, then followed by a low level of activity in the rest of the year. The "strong-summer" pattern observed in 7 of 15 years (2005--2010, 2012) was characterized by a sharp summer epidemic lasting 4 to 9 weeks and with moderate activity in the preceding winter months. In recent years, a shift of summer epidemics to later part of the year was observed (May in 2005 to August in 2010).

The third pattern was a moderate epidemic starting late (February--March) and lingering over a long period till July as observed in 2001, 2002, and 2004.

#### Influenza B

Influenza B epidemics mainly concentrated at late-winter/early-spring (mid-January/late-March) with less variation compared to influenza A (Figs. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Majority of the years showed a "strong-winter" pattern; except 2004 with a "strong-summer," 2001 and 2007 showing a "mixed" pattern with low levels of activity scattered through winter and summer months. Influenza B epidemics often started in mid-January to mid-February lasting for 6 to 12 weeks. In 2 years (2003 and 2012), the epidemic started in mid-December of the previous year and lasted for a long period (3 months).

#### RSV

The activity of RSV lasted longer than influenza, spreading through week 8 to 40 (late-February to late-September) with annual peaks occurring either in week 10 to 15 (early-March to mid-April) or week 29 to 38 (mid-July to mid-September) (Figs. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

#### Adenovirus and Parainfluenza Viruses

A low-level activity of ADV and PIVs was observed throughout the year. ADV decreased slightly in August--September, whereas PIV increased moderately in winter (October--December) (Figs. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

### Correlation With Meteorological Factors

Temperature was the most important meteorological factor showing a significant independent association with all viruses except ADV (Fig. [6](#F6){ref-type="fig"}). Influenza A and B, and RSV showed a similar pattern where virus activity was the lowest at mild temperature (20°C), but higher at colder and warmer temperatures. PIV showed the opposite with higher activity at mild temperature (20--25°C), but lower at colder and warmer temperatures. The activity of influenza A changed most sharply with temperature compared to others. Significantly higher activity was observed at \<13°C, and significantly lower activity was observed at 17 to 23°C, but significantly higher activity appeared again at temperatures above 28°C.

![Correlation between meteorological factors and incidence of hospitalization due to common respiratory viruses. The log-relative risk (log-RR) were computed using generalized additive model after adjusting for time trend, day of the week, and 4 major pollutants. The df was chosen as 6 for each meteorological variable. ADV = adenovirus; Flu A = influenza A excluding data from 2009 and later to avoid the influence of pandemic; Flu B = influenza B; RSV = respiratory syncytial virus; PIV 123 = parainfluenza virus 1, 2, and 3. ^+^*P* ≤ 0.05 in univariate analysis; *P* ≤ 0.05 in multivariate analysis. In case, the univariate analysis revealed significant association for both sunshine and radiation, *P* only sunshine was included in multivariate analysis for avoiding co-linearity due to the high correlation between these 2 variables.](medi-94-e2024-g008){#F7}

Significantly higher activity of influenza B and ADV was observed when the sunshine duration was long (8--10 hr), whereas the activity of RSV was higher when sunshine duration was short (4--6 hr).

Influenza B and ADV showed an independent association with daily mean relative humidity. A significantly higher activity was observed at relative humidity of 62% for influenza B and at 73% for ADV.

Influenza A and RSV showed a significant association with rainfall, but with different patterns. The activity of influenza A was significantly higher at the low levels of rainfall (0--50 mm/day), whereas RSV activity was lower at this range.

DISCUSSION
==========

This study was based on a routine rapid diagnostic service covering 7 common viruses offered throughout the 15-year study period. It provides a comprehensive overview of the seasonality, morbidity, and mortality of these common viruses, which not only enhances our epidemiological understanding but also provides important information for public health decision making.

Firstly, predilection for males in incidence and mortality among children was observed for all viruses. This could at least partly be explained by the gender differences in immune response to infection.^[@R17]^ While most viruses, including influenza, reproduced a similar gender bias among the elderly, RSV was a notable exception. The reasons for this interesting observation remain to be explored. Nevertheless, countries with growing gender imbalance toward male, like China, will face even heavier disease burden attributed to respiratory viruses.

Secondly, RSV which is traditionally associated with the pediatric population was found in this study to confer a remarkably high disease burden among elderly, indicating that clinical trials of new antivirals need to be conducted in children as well as in the elderly. A previous meta-analysis showed that almost all RSV-associated deaths reported from developed countries occurred in infants, whereas in developing countries it also occurred in the second year of life.^[@R18]^ While Hong Kong had a GDP per capita of US\$37,859 at 2013 and is regarded as a developed city,^[@R19]^ our RSV mortality mimics developing countries with notable deaths in the second year of life, possibly reflecting our subtropical location rather than our developmental status.

RSV confers a high disease burden in both children and elderly, but vaccine and antiviral are not available. In this regard, understanding the seasonality of RSV could help formulating a cost-effective strategy for immunoprophylaxis. The seasonality of RSV varies widely across the globe.^[@R20]^ In a study covering 7 tropical and subtropical countries, the onset and peak of RSV activity was found throughout January--December depending on location.^[@R21]^ In Hong Kong, we found that the annual epidemic of RSV occurred in either spring or summer, which is in contrast to temperate regions where the activity is highest in winter. Our data indicated that RSV immunoprophylaxis for high-risk infants in Hong Kong should cover at least 2 periods (March--May and July--September).

Thirdly, a few epidemiological characteristics of influenza that may have public health implications were observed. A previous meta-analysis estimated that 91% of hospitalizations worldwide for children \< 5 years were due to RSV^[@R18]^; however, our hospitalization incidence for influenza and RSV among children was comparable. In fact, our hospitalization incidence of influenza among children \< 5 years was 5 times higher than that of Thailand.^[@R22]^ The high admission rate among infants and young children due to influenza calls for more intense vaccination targeting pregnant women and children.^[@R23]^ At present the vaccine uptake rate of children in Hong Kong is only around 28%.^[@R24]^ Since influenza B showed an increase in incidence from infants to toddlers, and it accounts for a greater portion of cases in children than in older age groups; the use of quadrivalent vaccines would be more cost-effective.^[@R25]--[@R27]^

Preparedness planning according to seasonality is critical to cater for the upsurge in demand for healthcare facilities during peak seasons. While influenza seasons are well known to be variable in the tropical and subtropical regions, we found that it is still predictable. Influenza seasons often started around the end of January lasting for 6 to 12 weeks. In contrast to a single annual peak in temperate regions, we observed a second peak in summer months. Having 2 peaks might partly account for the high annual incidence in Hong Kong. More importantly, our data suggested that the second flu season is becoming heavier and moving toward later months. If this continues, vaccine protection would need to last for 9 months or longer, which is a challenge to current vaccines. Monitoring of vaccine effectiveness during summer flu peaks should be in place.

Fourthly, while ADV and PIV were uncommon among hospitalized elderly, they were found to carry the highest hospitalization-mortality rate. Because of resource constraints, most hospitals only test for treatable or common viruses. These rare but more severe infections could have been missed.

In temperate regions, highest respiratory viral activity, especially influenza and RSV, typically occurs in the cold and dry winter.^[@R28],[@R29]^ The "enhanced winter survival" and "wintertime immune suppression" theories proposed to explain such observation may not be applicable to subtropical regions like Hong Kong.^[@R30]^ Instead, respiratory viruses were active over a wide range of weather conditions lasting through late-winter, spring, and summer. It could be that winter in subtropics is not dry enough to favor aerosol transmission.^[@R31]^

The seasonality of respiratory viruses in subtropical regions is complicated and only limited information is available.^[@R4]--[@R6]^ We found that temperature was a key factor showing independent correlation with most viruses. However, the correlation was not straightforward. For example, influenza peaks were found in both cold and hot months. In coastal places like Hong Kong, the humidity remains high for half of the year. The wet conditions increase amount of viruses deposited on surfaces and increase their survival in droplets, thus favoring contact transmission.^[@R32]^ The wet season (April--September) effect appeared to be stronger for RSV than for influenza, suggesting a preference for contact transmission of the former.

We pooled different types of PIV in the analysis for meteorological associations. Since PIV 3 was the predominant type, it contributed a major effect on the outcome. One should note that different PIV virus types might not carry the same seasonality.^[@R33]--[@R35]^ Nevertheless, our findings that PIV peaks in a period with low activity of influenza is in line with the observation from tropical country, Brazil^[@R36]^ and subtropical country, Japan.^[@R37]^

This study has limitations. The incidence and mortality rates could have been underestimated as we could have missed cases shedding a very low concentration of virus that could only be detected by more sensitive methods such as PCR. Furthermore, patients living in our catchment area could have received medical care in other districts. Nevertheless, this report documents the high disease burden of common respiratory viruses in a developed subtropical city. The population-specific hospitalization and mortality data are essential baselines for rapid assessment on the severity of newly emerged strains, and inform public health decisions. The age/gender-bias in disease burden revealed is instrumental for long-term planning according to changes in population composition. Despite year-to-year variation, the seasonality of respiratory viruses in subtropics is still predictable. These data captured over a long period of 15 years are valuable for strategic planning.
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